In this paper a theoretical study of the effect of the direction of the incident light on the quantum efficiency of homogeneous HgCdTe photodiodes suitable for sensing infrared radiation in the 8-12/zm atmospheric window is presented. The probability of an excess minority carrier to reach the junction is derived as a function of its distance from the edge of the depletion region. Accordingly, the quantum efficiency of photodiodes is presented for two geometries. In the first, the light is introduced directly to the area in which it is absorbed (opaque region), while in the second, the light passes through a transparent region before it reaches the opaque region.
I. INTRODUCTION
The present technology of choice for present and future infrared imaging systems is photovoltaic linear arrays and two-dimensional matrices, which can be coupled with a Si signal processor in the focal plane. The extensive interest in thin films of HgCdTe (either grown on a semiinsulating transparent substrate or thinned from bulk material) is associated with the possibility of illuminating the diodes from one side, and connecting the signal processor on the other side.
For the sake of simplicity we shall consider here only diodes in which the photocurrent is dominated by the contribution of photons absorbed only in one side of the diode. This is frequently the case that occurs when the diffusion length in one side of the junction is very short, or when one of the sides is either based on a wide-band-gap material or is too thin to absorb a significant number of photons. Hence, the photodiodes considered here are based on two different quasineutral regions---a transparent region and an opaque region in which the light is absorbed.
Theoretical and technological considerations usually dictate whether to realize frontside-illuminated diodes with a backside signal processor, or backside-illuminated diodes with a frontside signal processor. However, the analysis shows that the crucial parameter determining the quantr m efficiency is the distance of the :_bsorption site from the edge of the depletion region, rather than the side of illumination.
Our investigation will focus on two structures shown in Fig. 1 . In the first one, presented in Fig. 1(a) , the light reaches the transparent side first (TSF), passes through it and through the depletion region and then is absorbed in Most of the present HgCdTe photodiodes fabricated for the purpose of thermal imaging are included within the above two categories as, for example, the following. Ion-implanted n+p photodiodes fabricated on a thin
HgCdTe film: due to the small thickness of the implanted n + region and to the low-minority-carrier lifetime there, the contribution of the n + side to the photocurrent is neg- 
where R is the responsivity of the photodiode, I d and Ix present the dark current and photocurrent, Aa is the detector's optical area, and No is the photon flux. q,h, and c are constant with their regular meaning. 7/(_) and Z/av represent the quantum efficiency at wavelength _. and the average quantum efficiency in the relevant spectral region. 
II. QUANTUM EFFICIENCY AS A FUNCTION OF ABSORPTION DEPTH
In this section the probability of a minority carrier generated at a distance 3"o from the junction to reach the junction is calculated. This probability is equal to the quantum efficiency associated with photons absorbed at the same distance.
Our assumptions are that both the length and the width of the diode are hrger than the diffusion length and therefore the one-dimensional treatment is valid: We also assume low injection conditions, an abrupt junction, a very thin depletion layer, a constant minority-carder lifetime and a constant dopant concentration along the quasineutral regions.
Let us consider the diode of Fig. 2 . Assume that somehow the light is uniformly absorbed only in a narrow ntype volume Aj (XI--X o) at a distance Xo<X<X I from the edge of the depletion region. In order to calculate the resulting photocurrent, the steady state of the minoritycarrier distribution close to the junction must be found, and therefore the continuity equations for the three regions must be solved,
dx 1 -rp where pz, P2, and P3 are the rr,inority-carder concentrations, d,, D_, and -rp represent the width of the neutral region and the minority-carrier diffusion coefficient and lifetime, respectively. The uniform optical generation rate is given by GL=No/(Xt-Xo),
where N O is the induced photon flux.
The boundary conditions for the problem are
41 , e-g; (3c)
where S. is the surface recombination velocity. Solving the problem for the short-circuit condition, one obtains for the first zone
where Lp is the diffusion length of the minority carders,
given by Lp= (Dpr e) Ira. Knowing Pl (x) the diffusion photocurrent can be obtained by
The term in the large parentheses represents the fraction of holes that is collected by the junction, and forms the 
where 7/' represents the density of the quantum efficiency of holes generated at a distance X o from the edge of the depletion region. It should be emphasized that this quantuna efficiency depends on three pararfieters only: the car- seen that for all surface conditions, the quantum efficiency dramatically decreases as 2"o increases. Since the distribution of the absorbed photons (and therefore the generated carriers) strongly depends on the way in which the fight is introduced, we expect the overall quantum efficiency to be completely different in each configuration. Hence, the preferred side for illumination is the side which is associated with a higher number of photons absorbed close to the junction. 
Iil. THE OVERALL QUANTUM EFFICIENCIES FOR TSF AND OSF CONFIGURATIONS

GL(XP+)=¢+(Z)]Voe-=t_>x,
where a(Z) is the absorption coefficient. Similarly, in the OSF configuration the generation function GL is given by
GL(X,_) = a(2)Noe_(_>(x-'_,),
where d_ is the width of the quasineutral region.
Since the continuity equation is a linear one, Eqs. (9) and ( while for the OSF photodiode the quantum efficiency r/OSr is given by
aLe e-aa_). While doing so, the dependence of the absorption coefficient on the photons' wavelength should be taken into account (see the Appendix). Hence, J_x_rl TSF(a,A ) n ( A, T) d2.
_:rlosv( a,J )n( ]t,T)dA ' (14) I i_l,l,l,l,l,l_l,l,l_l,l,l,l,l,l,l,l,l,lLL_lq_l,l_ I _l,l,l,l,l,t,l,lll,l,l,l,i,l,l,l,lqH_Pl,l,l where _h_r and 7/osF are given by Eqs. (11) and (12), _.o. and _oe are the system's cut-on and cut-off wavelengths, n(,_,T) (photons/cm 2 s/am) is the spectral radiant photon emittance of the target as given by Planck's radiation law, 9 and T is the temperature of the target.
IV. RESULTS
Technological considerations rather than fundamental physical principles usuaUy dictate the fabrication of pho-• todiodes based on p-type material, although the longer lifetime of the minority carriers in the n-type material makes it preferable for infrared sensing. However, since our objective is to emphasize the physical and geometrical principles, here we disregard the technological obstacles by assuming that the substrate is a high-quality n-type material. This high-quality material is characterized by high values of both mobility and lifetime of the minority carriers. In addition, we assume in our two example photodiodes excellent surface recombination velocities in both diodes, which yield electrical reflecting conditions for the holes. Hence, the two above-mentioned photodiodes differ only in the direction of illumination. pro) for a hole lifetime of I00 nS, at 77 K. li Consequently, _1o, and 2oe were taken to be 8 and 11 #m, respectively.
The superiority of the TSF photodiode in the case of reflecting surface conditions is clearly seen. To begin with, the quantum efficiency obtained for the TSF photodiode is always larger than that obtained for the OSF photodiode. In the case of the material with a minority-carrier diffusion length of 35 #m, the maximal quantum efficiencies obtained are 92% and 87%, for the TSF and OSF configuration, respectively. For materials with shorter diffusion lengths the relative difference between the two configurations is even more significant. For example, in the case where Lp= 5 #m, the maximal values of the quantum et]ieieneies were 54% and 48%, for the TSF and OSF configurations, respectively.
In addition to the differences in the values of the quantuna efficiency, the difference in the sensitivity of the two photodiodes to the width of the n-type layer is obviously noticed. It is clearly seen that in the case of the OSF configuration there is an "optimal" thickness of the n-type layer for each value of the diffusion length. It is also deafly seen that the quantum efficiency is rapidly degrading as the n-type layer thickness deviates from its optimal value; however, in the case of the TSF configuration the quantum efficiency reaches a saturation value which is very close to the maximal value. Therefore, the term "optimal thickhess" of the n-type layer, used in the OSF illuminated diode, is not valid, and the term "minimal thickneSS"
should be applied.
The strong dependence of the quantum efficiency on the width of the absorption region, as it exists in oSF illuminated photodiodes, is a serious limitation, since the width of the n-type region can vary along an array of photodiodes. This results in a severe nonhomogeneity in the quantum efficiencies and in the performance of the photOdiodes. This yields a significant degradation in the system's figures of merit, such as NET. 12'13 ', Excellent surface conditions in HgCdTe are not easily I ,l_t_l,l,t,l,f,   ldl_(qq_l,l,l,l,l,l,l,l,l,t,l, clearly the two advantages of the TSF iLlumination case: For the same quality of the material (i.e., the same diffusion length) the quantum efficiency associated with the TSF case is always higher than that associated with the OSF case, and does not depend upon the surface condition. Figure 9 shows the optimal thickness of the n-type layer versus the hole diffusion length with B=0, for both TifF' and OSF eases. It should be mentioned that in the OSF case, the width drawn in Fig. 9 is the optimal width, and the quantum efficiency rapidly degrades when a different width is applied. In the TSF case, however, the plotted width is the minimal width, and the associated quantum efficiency remains constant for values higher than the minimum. Figure 9 indicates an additional advantage of the TSF ease. For the same diffusion length the thickness of the optimal absorption region associated with the TSF configuration is smaller than that associated with the OSF configuration; hence, there is less diffusion leakage current in the TSF diode.
V. SUMMARY
We have presented a theoretical study of the quantum efficiency of HgCdTe photodiodes fabricated on thin films, with the objective to emphasize the geometrical depen- we pointed out the difference in the sensitivity to the thickness of the absorption region. Our calculations show that the quantum efficiency in the OSF instance is dramatically degraded when the absorption thickness differs from the optimal one. We have also shown that, in the TSF case, the quantum efficiency reaches a saturation value, and therefore does not depend on the thickness of the absorption region. Our final conclusion is that the TSF illuminated diodes are much superior sensors for IR thermal imaging.
SECTION THREE
HIGH TEMPERATURE SUPERCONDUCTIVITY
